Transport of ferric iron into Corynebacterium diphtheriae C7(P) was shown to occur by a high-affinity, active transport system. Optimal rates were at pH 6.8 and 40°C. Strong inhibition of uptake by carbonyl cyanide m-chlorophenylhydrazone was consistent with the electrochemical proton gradient as the major energy source for iron transport, and inhibition by Hg2+ indicated that sulfhydryl groups were also important. Evidence was obtained for stimulation of iron uptake at pH 8.0 by a dialyzable, extracellular factor present in conditioned medium from lowiron cultures of C. diphtheriae.
Specific, high-affinity transport systems for the uptake of ferric iron enable pathogenic bacteria to compete successfully with host mechanisms in sequestering iron (2) . Iron-chelating compounds or siderophores are often integral parts of these systems (10) . It has been known for many years that excess iron inhibits production of diphtheria toxin by Corynebacterium diphtheriae (11) . Recent studies in our laboratory demonstrated that several mutants of C. diphtheriae C7(,) which can produce diphtheria toxin during growth in high-iron medium have severe defects in iron uptake (3) . Characterization of iron transport and utilization by C. diphtheriae is needed to provide basic information about the metabolism of this important element and to define the biochemical mechanisms that link iron metabolism to regulation of toxinogenesis.
Iron uptake by exponentially growing cultures of C. diphtheriae C7(,B) in deferrated PGT medium containing 2% maltose and no added iron was studied by described methods (3). The initial rates and the total amounts of iron uptake were determined at 37°C and pH 6.8 in cultures containing various amounts of added 59Fe3+ from 5 to 400 ng/ml, and some of the kinetic parameters of the iron uptake system were determined. Linear Lineweaver-Burk plots were obtained. The Vm,, was 2 ng of Fe3+ taken up per min per sample (containing ca. 1.7 x 108 cells), and the Km was 1.0 x 10-6 M. Maximal uptake at 30 min was about 40 ng per sample and occurred with Fe3+ concentrations of 100 ng/ml or higher (Fig. 1A) . The addition of a 10-fold excess of cold Fe3+ at 20 min after the addition of 59Fe3+ did not result in the release of any radioactivity from the cells, indicating that there was no significant exchange of cell-associated iron with extracellular iron. In contrast, the maximum uptake of 59Fe2" at 30 min was only 6 ng per sample. We did not exclude the possibility that 59Fe2+ might be oxidized to 59Fe3+ before being transported into C. diphtheriae. These experiments demonstrated that C. diphtheriae has a high-affinity iron transport system that is specific for ferric ions.
We investigated the effects of temperature, pH, and metabolic inhibitors on the uptake of Fe3+ into C. diphtheriae. At 4°C, the uptake of 59Fe3+ decreased to very low levels (3). The initial uptake was linear with time at each temperature tested, and the initial rate was maximal at 40°C (Fig. 1B) . The amount of 59Fe3+ associated with the cells at 30 min was maximal at 37°C, and the viability of the cells decreased at temperatures above 40°C. The initial rate of uptake was greatest at pH 6.8 and decreased to approximately half of the maximal value at pH 5.5 or 8.0. Nearly complete inhibition of 59Fe3+ transport was obtained with the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) at 1 mM (Table 1) . Viability of the cells was not affected by 1 mM CCCP. Iron uptake was quite resistant to the effects of the uncoupler 2,4-dinitrophenol at concentrations of up to 2 mM. Preincubation of the cells with CCCP or 2,4-dinitrophenol for periods of up to 5 min did not increase the inhibitory effects of these reagents. Two inhibitors of electron flow in the electron transport chain were tested. Cyanide at 1 mM inhibited the uptake of 59Fe3+ by 50%, but azide inhibited 59Fe`+ uptake only at higher concentrations (25 mM) that were associated with decreased viability of the bacteria. Arsenate, which is a phosphate analog that inhibits ATP formation (12) , inhibited 59Fe3+ uptake by 65% at 2 mM. The sulfhydryl reagents N-ethyl-NOTES Because many aspects of metabolism in C. diphtheriae have not been fully characterized, it is necessary to be cautious in interpreting the effects of metabolic inhibitors. The strong inhibition of iron transport by CCCP suggests the electrochemical proton gradient as the primary energy source coupled to iron transport in C. diphtheriae, but the concentration of CCCP needed to affect iron transport was significantly higher than that which has been reported for other bacterial species (4, 8) .
Although C. diphtheriae has complex growth requirements (9) , washed cells remained viable in minimal medium for a sufficient interval to conduct iron uptake experiments. This enabled us to confirm the effects of metabolic inhibitors and to determine the effects of various metal ions on iron transport in the absence of complex medium. Log-phase cells of C. diphtheriae were collected by centrifugation at 10,000 x g for 10 min, suspended in the required buffer or medium, collected again by centrifugation, resuspended at an absorbance of 0.5 at 590 nm (ca. 3 pernatants from overnight low-iron cultures of C. diphtheriae (low-iron conditioned mediuin). In contrast, the rate of iron uptake by washed cells suspended in fresh PGT-maltose medium at pH 8.0 was approximately half that of control cultures at pH 8.0 and one-fourth that of control cultures at pH 6.8. When washed cells were resuspended at pH 8,0 in low-iron conditioned medium, the rate of iron uptake was stimulated and became comparable to the maximum rate observed with control cultures at pH 6.8. Additional experiments established that the factor which stimulated iron transport by C. diphtheriae C7(0) at pH 8.0 was dialyzable and was present in low-iron conditioned medium but not in high-iron conditioned medium. We reported previously that supernatants from C. diphtheriae cultures grown under lowiron conditions contain an iron-solubilizing activity which may be associated with a corynebacterial siderophore (7) . We have not been able to demonstrate the presence of phenolate or hydroxamate compounds in low-iron conditioned medium by direct chemical assays (1, 5) . Studies are in progress to isolate the factor from low-iron conditioned medium that stimulates iron uptake and to characterize its role in iron transport into C. diphtheriae.
